Cells of Nicotiana tabacum L. var Wisconsin 38 adapted to NaCi (up to 428 millimolar) which have undergone extensive osmotic adjustment accumulated Na' and a-as principal solutes for this adjustment. Although the intracellular concentrations of Na' and a-correlated well with the level of adaptation, these ions apparently did not contribute to the osmotic adjustment which occurred during a culture growth cycle, because the concentrations of Na' and a-did not increase during the period of most active osmotic adjustment. The average intracellular concentrations of soluble sugars and total free amino acids increased as a function of the level of adaptation; however, the levels of these solutes did not approach those observed for Na' and a-. The concentration of proline was positively correlated with cell osmotic potential, accumulating to an average concentration of 129 millimolar in cells adapted to 428 millimolar Naa and representing about 80% of the total free amino acid pool as compared to an average of 0.29 millimolar and about 4% of the pool in unadapted cells. These results indicate that although Na' and aare principal components of osmotic adjustment, organic solutes also may make significant contributions.
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Osmotic adjustment is a fundamental adaptive response of plant cells which are exposed to salinity (8, 11, 26) and is necessary for survival and growth under saline conditions. Osmotic adjustment in response to salinity is a result of solute accumulation which occurs through the uptake of solutes, the synthesis of organic compounds, or both. The identification of solutes which accumulate in response to salinity is an initial step toward elucidating the biochemical and physiological mechanisms which are responsible for and regulate osmotic adjustment. Halophytes typically utilize Na+ and Cl-as principal osmotica (8, 11, 26) , although organic solutes apparently serve an important role in balancing the osmotic pressure ofthe cytoplasm with that of the vacuole, into which much of the Na+ and Cl-is thought to be compartmentalized (8, 26, 28) . In response to moderate levels of salinity, many glycophytic plants appear to exclude Na+ and Cl-as a mechanism of tolerance (21) , using instead the synthesis and accumulation of organic compounds for osmotic adjustment (1 1, 28) . However, the ability of glycophytic plants to accumulate Na+ and Cl-and survive high levels of salinity has not been investigated thoroughly.
The in vitro isolation ofcells ofglycophytes with enhanced salt tolerance has helped facilitate the study of cellular responses to salinity ( 1-3, 15, 24) . These in studies to identify specific adaptive responses of glycophytes to salinity because they provide a system with which to separate those processes which are involved in salinity adaptation as opposed to those which are a response to the imposition of the stress. Utilizing isolated cells does restrict studies to salt tolerance mechanisms which are characteristics ofindividual cells and does not lend itself to examination of the contributions to salt tolerance of more complex multicellular processes, i.e. root ion exclusion or xylem/phloem ion exchange and redeposition (16) , or mechanisms involving differentiated highly specialized cells, i.e. salt glands and bladders or transfer cells. However, it is the intrinsically cellular mechanisms which ultimately may be the most important to cell survival under conditions of extreme salinity and the most readily modified genetically in glycophytic crop species.
We have shown earlier that increased tolerance resulting from exposure to NaCl stress is the result of both cell selection and adaptation (4) . The 
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Amino acids, organic acids, and QACs were analyzed from a common extract obtained by homogenizing 50 mg of lyophilized cells in 2.5 ml of methanol:chloroform:water (12:5:3) . After centrifugation, the supernatant was removed and the procedure repeated three times. Three ml of H20 and 2 ml of chloroform were added to the pooled extracts, the aqueous phase was removed and the organic phase reextracted with an additional 5 ml of H20. The aqueous extracts were pooled and evaporated to dryness at 40°C under a stream of compressed air. Amino acids and organic acids were separated by ion exchange chromatography after the residue was resuspended in 2 ml of H20 (20) . Half the extract was loaded onto a 1 x 2 cm column of Dowex 50-H+ (200-400 mesh) while the remaining 1 ml (to be used for QAC analysis) was stored at -20°C. The void and water washes (2 x 2.5 ml) were collected and stored at -20°C for analysis of organic acids. The amino acids were eluted from the column with three 2 ml volumes of 6 M NH4OH and the eluate brought to dryness under a stream of compressed air at 40C. The residue was then resuspended in 2 ml H20 and passed over a 1 x 2 cm column of Dowex I-CH3COO ; the void and H20 washes (3 x 2 ml) contained the neutral and basic amino acids while the acidic amino acids were eluted with 2 M CH3COOH (3 x 2 ml). Both fractions were brought to dryness under a stream of compressed air at 40C.
The fraction from the Dowex 50-H+ column containing the organic acids (void and water washes) was brought to dryness and resuspended in 1 ml of H20. One half ml was passed over a 1 x 2 cm column ofDowex 1-HCOO-. After washing the column with 3 x 2 ml volumes of H20 the organic acids were eluted with 6 N HCOOH (4 x 2 ml) and brought to dryness under a stream of compressed air at 40C.
HFBI esters of the amino acids and O-heptafluorobutyryl isobutyl and/or isobutyl esters of organic acids were prepared according to the methods of Rhodes et al. (20) . a-Amino-nbutyric acid (0.25 Amol) was added to the samples as an internal standard prior to derivatization. The derivatives in ethyl acetate:acetic anhydride (1:1) were subjected to GLC (HewlettPackard Model 5794A) using a fused silica capillary column (DB5-30N, 30 m x 0.2 mm ID, J & W Scientific, Rancho Cordova, CA). The split ratio at the injector port was 20:1; column pressure 19 psi N2 carrier gas, column flow rate 1 ml min-'; 22 ml min-' N2 sweep gas at the flame ionization detector; 222 ml min-' air and 35 ml min-' H2 at the detector; 20 ml min-' total N2 flow at the split vent. The injector temperature was set at 250°C; the detector at 280°C and the column subjected to a variable temperature program (100°C for 4 min, then increased from 100 to 260°C at a rate of 6°C min-' and held at 260°C for 4 min). Peak areas were determined by a HewlettPackard 3390A reporting integrator and were related to the area of the internal standard, a-amino-n-butyric acid, and the response factors for individual amino acids and organic acids as determined hy GLC (20) , were valine, which co-chromatographed with f3-alanine, and methionine, which co-chromatographed with tyramine. The presence of ACC in the free amino acid pool was verified by electron impact GC-MS (20) .
In order to separate QACs, the extract was first passed over a 1 x 2 cm column of Dowex 1-OH-. The void and water washes (2 x 4 ml) were collected and passed over a 1 x 2 cm column of Dowex 50-H+. After washing the column with 2 x 4 ml H20, the QACs were eluted with 2.5 N HCl (3 x 2 ml) and brought todryness under a stream of compressed air. QACs were measured according to the procedure of Ladyman et al. (17) (Fig. 2, A, C, E, and G). Although Cl-accumulation increased proportionately with a decrease in 4,. as did Na+, the intracellular concentration of Na+ always exceeded that of Cl- (Fig. 2, E and G). NO3-did not appear to function as the counterion for Na+ in the salt adapted cells (Fig. 2, D and H) . Similar imbalances of inorganic cation and anion accumulation have been observed for a number of halophytic species (8) . Since the intracellular concentrations of Na+ and Cl-accumulated by the salt adapted cells, particularly at high levels of NaCl, are considered to be inhibitory to cytoplasmic metabolic function, it is likely that vacuolar compartmentation of these ions is occurring (8, 11, 26, 28) . The contribution of Na+ and Cl-to the total dry weight was similar for cells adapted to varying levels of NaCl (TableI), a phenomenon which is common to many halophytes over extreme ranges of salinity (10) .
The concentrations of Na+ and Cl- (Fig. 2 , A and C) did not increase during the period of most active osmotic adjustment which occurs in the phase of the growth cycle just prior to and during the initialperiod ofmaximal fresh weightgain (Fig. 1,   A-D (Fig. 3, E and F) . The magnitude of these changes, however, was not comparable to that observed for Na' and Cl-. While sucrose levels increased more than 10-fold between unadapted cells and cells adapted to 428 mM NaCl, the corresponding increase in reducing sugars wasless than 3-fold. The patterns of carbohydrate accumulation observed in halophytes (6) also indicate that the accumulation of sucrose is favored over that of glucose in response to salinity.
The concentrations of both sucrose and reducing sugars increased after the cells were inoculated into fresh media and then returned to near original levels as the cultures approached stationary phase (Fig. 3, A and B) . This trend in sugar concentration closely follows the pattern of osmotic adjustment by the cells in a culture cycle (Fig. 1, A-D) and may be related to the availability of carbohydrate in the medium at these stages of growth. During the course of the growth cycle ionic solutes may replace organic solutes as sugars are depleted from the medium and metabolized as sources of energy (19) .
Organic acids accumulated appreciably only in unadapted cells and cells adapted to 171 mm NaCl (Fig. 3, C and G) . Of the seven organic acids identified (Table II) citrate and malate were the only ones to accumulate in excess of1 mm and represented the major components of the free organic acid pool. Total free amino acid levels increased with cell osmotic adjustment both as a function of the level of adaptation and the stage of the culture growth cycle (Figs. 3, D and H, and 4A), with alanine, glutamine, glutamate, y-aminobutyrate, and particularly proline (Table III) being predominant. The growth cycle related accumulation of free amino acids could be in part attributed to the availability of amino acids from the1% (w/v) casein hydrolysate which was routinely included in the medium. Further experiments with cells grown in the absence of external casein hydrolysate have established that salt adapted cells also accumulate high levels ofproline as a function of 1 ' r (data not shown), indicating that proline accumulation in these cells is not solely a function of altered transport but must result from alterations in proline metabolism.
On an average, proline represented about 4% of the total free amino acid pool in the unadapted cells and about 80% of the poo1 in cells adapted to 428 mm NaCl (Table III) (Table IV) , the concentrations of these compounds were considerably lower than the measured intracellular concentrations ofsugars and proline. Thus the contribution of QACs to osmotic adjustment in salt tolerant cells must be small if they are uniformly distributed within the cell. We are currently investigating the identity of the QACs in tobacco cells; preliminary results suggest that these compounds are not betaines (e.g. glycine betaine or proline betaine), but rather choline and/ or phosphoryl choline (data not shown). Many plant species, particularly halophytes and genotypes in the Chenopodiaceae and Gramineae accumulate large quantities of QACs, particularly glycine betaine in response to osmotic stresses such as salt and water deficits (13, 26) and this solute is thought to play an important role in osmotic stress adaptation. The inability of tobacco cells to accumulate glycine betaine could be due to either the inherent lack of choline oxidizing activity in tobacco or the plastid localization ofthis activity and light dependence ofglycine betaine synthesis (13) .
Measurements of polyamines in salt adapted cells indicated that some small changes in the levels of these compounds may have occurred in response to salinity. However, polyamines did not accumulate in sufficient quantities to make a significant contribution to the osmotic adjustment of the cells (data not shown).
Based on the measurements of solute concentrations, salinity adaptation involves the accumulation of Na+ and Cl-as the major contributors to osmotic adjustment (Table IV) . Collectively the other solutes contributed less than half that of Na+ and Cl-. The contribution of K+ to the 4A declined 5-fold and may be indicative of a shift from osmotic and metabolic roles in unadapted cells to solely a metabolic function in adapted cells. Conversely, whereas the concentration of Na+ increased substantially with the level of adaptation the contribution of this ion to 4A remained relatively constant over a wide range of salinity. While the concentrations of individual organic solutes increased significantly, their relative contribution to whole cell osmotic adjustment failed to increase substantially, largely due to the magnitude ofthe changes in the 446 values. However, their relative Only 40 to 55% of the observed 4A,s is accounted for by the solutes examined in this investigation. Although other unidentified solutes may contribute to the 0rs it is unlikely that they could represent a significant proportion of the total solutes in the cell. Similar percentages of accountability were obtained when solutes contributing to osmotic adjustment in tomato cells adapted to PEG-induced water stress were examined (12) and were attributed to factors such as the failure to identify all of the osmotic solutes, the overestimation of the osmotic potential by the plasmolytic technique and the contribution of bound water.
DISCUSSION
Ion exclusion is often considered to be a mechanism used by glycophytes to tolerate NaCl, particularly at moderate levels of salinity (2, 8, 11, 21 ). There appears to be genetic variability for the ability to exclude NaCl within glycophyte species with greater exclusion being correlated with greater tolerance (21, 27) . In general these observations have been interpreted to indicate that mechanisms for ion accumulation and presumably vacuolar compartmentation are not traits which are inherently efficient in glycophytes and may be one of the reasons for their relative susceptibility to saline environments. Although tobacco is considered to be a glycophyte (1 1 Apparently the osmotic adjustment which commences after inoculation into fresh medium (Fig. 1, A-D Additional experimentation is necessary to verify the assumption that Na+ and Cl-are compartmentalized in the vacuole and to ascertain and characterize the plasma membrane and tonoplast transport mechanisms which permit salt adapted cells to accumulate and compartmentalize Na+ and Cl-. Furthermore, it appears that reduced cell expansion is not a constraint caused by exposure to high levels of NaCl but rather is induced by NaCI and may in fact play a functional role in osmotic adaptation. Since the inhibition ofgrowth by osmotic stress is offundamental importance to crop productivity the precise role of growth reduction in the adaptation process merits further investigation.
